The fluorescent antibody (FA) technique was employed to estimate the filtration rates of Daphnia cucullata on the Alcaligenes eutrophus JMP134 strain introduced into lake water. We investigated the effect of animal density and food concentration on the filtration rates in 0.2-/zm filtered and autoclaved lake water. The individual filtration rates were 0.08-1.12 ml animal -1 h -1. Filtration rates decreased with increasing grazer density and with increasing food concentrations. The grazing impact on indigenous and introduced bacteria was compared in experiments with 2-/zm filtered lake water. Filtration rates of D. cucullata on A. eutrophus were greater than on indigenous bacteria. These differences were explained by size-selective grazing, implying that this mechanism is important in the elimination of introduced bacteria from lake water when the introduced bacteria are in the larger size-range of the indigeneuos bacterial flora.
Introduction
In natural environments, bacteria are grazed by a wide variety of protozoans and metazoans, including mixotrophic algae, heterotrophic fla~gel - lates, ciliates, and larger zooplankton species [29] .
Crustaceans, including Daphnia spp., especially play a major role in grazing in mesotrophic and eutrophic lakes [10, 20, 30] .
It has been suggested that size of the food particles plays an important role in Daphnia grazing. Porter et al. [35] reported that Daphnia feeds on bacteria with a lower efficiency than it feeds on algae, and Glide [12] observed that Daphnia in Lake Constance grazed most intensely on larger bacteria and bacterial aggregates. Furthermore, a number of authors have found that the quality of the food particles influences filtration rates of Daphnia. In particular, blue-green algae/cyanobacteria were frequently rejected as food and grazed at a lower rate [5, 19] . Christoffersen et al. [5] reported that macrozooplankton, dominated
by Daphnia cucullata, grazed 22% of bacterial net production during the bloom of cyanobacteria in an eutrophic lake, and 86% after the bloom. Similar results have been reported by Lair [18] . Finally, food concentration has been shown to have a marked influence on the filtration rate of
Daphnia [4, 10, 24, 25, 34] . Overall, the filtration rate of daphnids decreased with higher concentrations of food. The methods often used to quantify zooplankton grazing on bacteria involve measurements of changes in total bacterial numbers, as acridine orange direct counts (AODC) after exposure to grazers [14] . Determination of changes in numbers of specific bacteria can be achieved by the fluorescent antibody (FA) technique [37] . This method has successfully been used to study the population dynamics of bacteria in aquatic ecosystems [3, 6, 16 ], but has not been applied to specific grazing studies.
Alternatively, fluorescently labelled bacteria
[381 or bacteria labelled by radioisotopes have been used as prey in grazing experiments [1, 15] allowing a direct assessment of the ingested bacteria. However, the filtration rates on bacteria measured by radioisotope and labelling methods might be biased, because the introduced food particles have been manipulated prior to the experiments [1, 9, 26, 38] . Several authors have found that predation is an important factor explaining the decline of several microorganisms introduced to fresh-water and seawater microcosms [11, 27] . In this study, the FA technique was employed to estimate daphnid filtration rates on a xenobiotic-degrading Alcaligenes eutrophus strain introduced into lake water. Through experiments in 0.2-/xm filtered, autoclaved water, the effect of food and predator concentrations on filtration rates was determined. Finally, the grazing impact on indigenous and introduced bacteria was compared in experiments in 2-/zm filtered water.
Materials and methods

Bacterial strain
Alcaligenes eutrophus JMP134, the strain used in this study, was originally isolated from soil and characterized by Don and Pemberton [7] . For inoculation, A. eutrophus was grown to the stationary phase in 10% tryptic soy broth (0.1 × TSB: 1.7 g Tryptone, 0.3 g Soytone, 0.25 g glucose, 0.5 g NaC1, 0.25 g K2HPO 4 per liter) at 20°C with gentle shaking. The cells were centrifuged at 6000 ×g for 10 min, washed, and resuspended in phosphate-buffered saline (PBS; 25 mmol Naphosphate, pH 7.4, 125 mmol NaC1) before use. Cell numbers were estimated from spectrophotometric absorbance at 600 nm according to previous calibrations of cell number and absorbance. Bacteria were aseptically inoculated into filtered lake water before each grazing experiment.
Sampling
Water samples were collected from the eutrophic lake, Frederiksborg Slotsso, situated in the northern part of Zealand, Denmark. Samples were collected from a depth of 0.5 m, and transported to the laboratory in 5-liter plastic bottles.
Two different filtrates were made: (1) Water samples were sequentially filtered through a GF/C filter to remove phytoplankton and macrozooplankton and through a 0.2-/xm Millipore filter to remove indigenous bacteria, and then sterilized by autoclaving at 121°C for 20 rain. (2) Water samples were filtered through a 20 ~m mesh net to remove grazing animals and then through a 2.0-/xm Millipore filter to remove most phytoplankton cells.
Animals
The grazing organism used was Daphnia cucullata that had been isolated from the lake. The animals were grown in the laboratory in filtered lake water at room temperature, and fed every third day with algal mixtures. The animals were washed in 0.2-/xm filtered and autoclaved lake water, before they were used in experiments. Each experimental bottle was aseptically inoculated with 5-10-day-old D. cucuUata. D. cucullata was not added to the control bottles. 
Enumeration of bacteria
The total number of bacteria was determined using the AODC method [14] . The number of A. eutrophus cells was determined using the FA technique. The antibody employed was a polyclonal antibody prepared by immunizing rabbits with heat denatured cells. After sequential absorbtions, the antibody was specific to A. eutrophus JMP 134 [16] . Samples for immuno-fluorescense microscopy were incubated with the anti A. eutrophus antibody diluted 1 : 15 000 for 1 h at room temperature, and after subsequent washes with fluorescein isothiocyanate-conjugated swine anti-rabbit immunoglobulins (DAKO, Denmark) diluted 1 : 40 for 1 h at room temperature.
Size determinations
After incubation of A. eutrophus in 0.2-/zm filtered and autoclaved lake water for 0, 2, 4, and 7 days, water samples were collected for FA enumeration and bacterial size determinations. Cell volumes (V) were calculated by the equation
representing bacterial length and (W) bacterial width. Volumes were measured from enlarged photographs projected on a screen.
Grazing experiments
The filtrates (100 ml) were collected in 250-mi heat-sterilized glass bottles and incubated with A. eutrophus and D. cucullata in the dark at 20°C for 24 h on a shaking table at 50 rpm. Duplicate bottles were prepared for each experiment.
The following experiments were performed: 0) is the initial and (C t) the final cell concentration, and t is the incubation period. Filtration rates (FR, in ml animal -1 h -1) were calculated using the formula FR = V(b-a)/N, where V is the volume of the filtered lake water in ml; b is the growth rate in control bottles; a is the growth rate in experimental bottles; and N is the number of animals added. The significance of the differences between the means of the filtration rates was determined by the t-test.
Results
Verification of the FA technique to determine filtration rates
Initial experiments were performed in 0.2-~m filtered and autoclaved lake water. The purpose of these experiments was to obtain an estimate of the filtration rates of D. cucullata feeding exclusively on large, introduced ceils of A. eutrophus.
Furthermore, the FA technique was verified as a means to determine filtration rates by comparing results obtained by this method to those obtained using AODC.
Differences in biovolume of A. eutrophus during incubations for up to 1 week in lake water were not observed. The biovolumes ranged from 0.28 /zm 3 to 0.31 /zm 3 during the experimental period. 
Filtration rates of D. cucullata on indigenous bacteria and on A. eutrophus
To compare the filtration rates of D. cucullata on A. eutrophus with the filtration rates on indigenous bacteria, grazing experiments with A. eutrophus introduced to 2-/zm filtered lake water were performed.
Concentrations of indigenous bacteria in the surface water of lake Frederiksborg Slotss~ ranged from 1.7 x 10 6 to 1.1 X 10 7 cells ml -~ over the period of sampling. The filtration rates of D, cucullata on these bacteria varied from 0.34 to 0.54 ml animal-1 h-1 ( Table 1 ).
The concentrations of the added A. eutrophus (Table   1 ). In the June experiment, grazing by D. cucullata on indigenous bacteria was twice the bacterial growth, whereas in the October and November experiments, bacterial growth was higher than grazing (Fig. 3A) . In comparison, consumption of 
A. eutrophus by D. cucullata in all experiments
exceeded growth estimates by about twofold (Fig.  3B) .
Discussion
The present FA technique has previously proved specific for A. eutrophus JMP134 when tested against a variety of bacteria [16] . Also in this study it was found to be adequate for specifically estimating the filtration rates of D. cucullata on A. eutrophus alone or in the presence of indigenous bacteria. Therefore, it may be considered as an supplementing method in grazing experiments.
The FA technique was initially verified by a number of experiments with different densities of prey and predators:
(i) We found that filtration rates on A. eutrophus decreased with increasing number of D. cucullata (Fig. 1) . Similar results have been reported by Peters and Downing [33] , who showed that, at lower densities of Daphnia spp., filtration rates on indigenous bacteria were higher. The reduction in filtration rates with increasing number of D. cucullata has been attributed to the exhaustion of daphnids [24] , but could also be due to low food concentration (Fig. 1) .
(ii) We observed that increasing food concentration led to decreasing filtration rates of individual daphnids (Fig. 2) . Similar results have been reported from other feeding experiments [4, 25] .
(iii) Several studies [17, 26, 33] have shown that daphnid filtration rates are strongly influenced by their size. The experiment with young daphnids, 5-day-old D. cucullata, indicated very low filtration rates (Fig. 2 ) compared to those of adult daphnids (Fig. 1) .
To make a comparison of grazing rates on A. eutrophus and on indigeneous bacteria we performed additional experiments in 2 /zm-filtered water. Combining our results from 0.2/xm and 2 /zm filtered water, we obtained estimates of filtration rates on A. eutrophus ranging from 0.08 to 1.12 ml animal -1 h -1. This is in good agreement with expected rates for indigenous bacteria based on earlier studies of daphnids (Table 2) . We observed, however, that filtration rates of D. cucullata on A. eutrophus were generally higher than on the indigenous bacteria ( Table 1) .
The biovolume of A. eutrophus was larger than that of the indigenous bacteria (ca. 0.30/xm 3 as compared to ca. 0.11 /xm3). This difference in cell size was maintained during incubations for up to 1 week in lake water. Thus, cell fragmentation observed as part of the starvation response for several bacterial species, e.g., Vibrio sp. [28] did not occur in the eutrophic lake water in the present studies. The preferential elimination of A. eutrophuswas probably due to size-selective grazing. This agrees with the results of Glide [12] , who reported that in Lake Constance, daphnids grazed most intensely on larger bacteria and bacterial aggregates. A large number of publications have demonstrated the ability of Daphnia to feed on bacteria. Christoffersen et al. [5] found that natural populations of zooplankton, dominated by cladocerans, filtered free-living bacteria (mean size 0.16 /xm 3) with an efficency comparable to the filtration of phytoplankton < 20 tzm. The number of Daphnia in moderate to highly productive lakes range from 10 to several hundreds per liter [23] . [30, 36] . In contrast, predation has been assumed to be the major factor responsible for decreases of bacteria introduced to lake water [11] . In our study, we attempted to measure the growth of A. eutrophus and the grazing of this bacteria by D. cucullata in relation to the growth and grazing of indigenous bacteria. We found that growth of A. eutrophus was always poorer than the growth of the indigenous bacteria, and that D. cucullata grazed A. eutrophus at higher rates than they grazed indigenous bacteria (Fig.  3 ).
In conclusion, growth of A. eutrophus in lake water is poor and size-selective grazing of the large-sized ceils of A. eutrophus by D. cucullata is a significant factor in the decline of the population of the introduced bacterium. Thus, predators may not only control cell abundance, but alsovia selective grazing of large-sized bacteria -affect the size distribution of bacterioplankton. This mechanism may in part explain the rapid elimination from lake water observed for A. eutrophus [16] and for other introduced bacteria [11] .
